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Suomi NPP

Multi-Species, Multi-Spectral, Multi-Satellite 
retrievals of trace gases

Sentinel-5P
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Spectral Regions Used in JPL MUSES (Multi-Spectra, Multi-
Species, Multi-Sensors) Algorithm 

Measurements from TIR (LW)  are sensitive to the free-tropospheric trace gases.
Measurements from UV-Vis-NIR (SW) are sensitive to the column abundances of trace gases.
Joint LW/SW measurements can distinguish upper troposphere from lower troposphere.  
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Retrieval characteristics and diagnostics

JPL MUSES algorithm delivers both retrieved trace gas concentration profiles
and observation operators needed for trend analysis, climate model evaluation,
and data assimilation.

E.g., a data assimilation system applies an observation operator (H)
ys = H(x) = xa + A(xmodel - xa)

ys is the model profiles; xa is a priori profiles used in the retrievals; A is the
averaging kernels of satellite observations.

After applying observation operator to model profiles, the satellite-model
differences (yo- ys) is not biased by the a priori used in the retrievals.

Dy = yo - ys = A(xtrue - xmodel) + e
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Thermal Infrared
Figure from Clerbaux et al. [2009]
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Trace gas products from Aura-TES

TES version 7 trace gas products

Ozone (O3)

O3 Instantaneous Radiative Kernels

Carbon Monoxide (CO)

Methane (CH4)

Carbon Dioxide (CO2)

Nitrous Oxide (N2O)

Deuterated Water Vapor (HDO)

Carbonyl Sulfide (OCS)

Ammonia (NH3)

Peroxyacetyl Nitrate (PAN) 

Formic Acid (HCOOH)*

Methanol (CH3OH)
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Peroxyacetyl nitrate (PAN)

• PAN plays key roles in 

– Long-range transport of ozone

– Redistribution of nitrogen in the troposphere

• PAN is the route for NOx to reach the remote troposphere

• PAN couples biogenic emissions to the nitrogen cycle, 
increasing the spatial range of NOx

• PAN extends the air quality impacts of fires
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Photo of High Park Fire from CNN
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PAN from TES

7
Fischer et al., in prep

Underestimation 
of PAN from fires 
in NW US

Overestimation of 
NOx emissions in 
SE US 
(consistent with 
Travis et al., 2016])
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PAN from CrIS

8

Dotted line: instrument noise

• Opportunities offered by CrIS PAN compared to TES PAN:
• Extension of TES record in time

• Better signal to noise and drastically improved spatial coverage

• New constraints on chemical models at global and regional scales
8



Methanol (CH3OH)
• Methanol is the most abundant NMVOC

– Major source of carbon monoxide and formaldehyde

– Leads to formation of ozone and secondary organic aerosols

• Methanol has both biogenic and combustion sources
– Resolution of biogenic from other sources remains a challenge

– Carbon monoxide can be used as a tracer, but CO also has biogenic sources

– Value of tracers with no biogenic sources [e.g. acetylene (C2H2)]

• Previous spaceborne obs of C2H2 from IASI (Duflot et al. [2013])

• CrIS has lower noise than IASI…..
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TES methanol maps from Cady-Pereira et al. [2012]

VMR [ppbv]



Methanol residuals
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TES 
Plots from Beer 
et al. [2008]
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CrIS

Methanol feature lies within the ozone band. Ozone must be fit first.



Methanol retrievals from CrIS
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Methanol retrievals over KORUS-AQ domain
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O3

Isoprene

Ammonia

Methanol Acetone
Formic acid

PAN
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Combine CrIS isoprene, Aura OMI (HCHO, NO2) and the GEOS-Chem
model to advance understanding of isoprene oxidation and HCHO 
production across NOx regimes. (Millet et al.)

Isoprene from CrIS

Isoprene retrievals from CrIS (Fu et al.)
NASA Roses-funded activities:
(Aura ST/ACMAP Program)

• Isoprene: 
– Biogenic VOC, emitted by 

plants

– Shapes tropospheric 
composition through impacts 
on ozone, aerosols, the 
atmosphere’s oxidizing 
capacity and the nitrogen 
cycle

0

5 ppbv
GEOS-Chem isoprene, 20130626
Figure: K. Wells, UMN



Multi-spectral retrievals
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Multi-spectral retrievals of ozone

Multi-spectral retrievals can offer improved sensitivity to the lower troposphere 



Assimilated Global Ozone Fields

➢ Joint AIRS/OMI ozone profiles have been assimilated into CHASER system. 

➢ CHASER system assimilated the OMI (NO2), GOME-2 (NO2) MLS (HNO3 and O3), MOPITT (CO) for 
KORUS-AQ ,recently assimilated AIRS/OMI ozone profile data
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➢ MUSES has been applied to joint CrIS/OMPS ozone retrievals over Africa on October 21, 2013.

➢ The elevated ozone concentrations (2-20 degree south) are associated with biomass burning.

➢ Joint CrIS/OMPS O3 and CrIS CO retrievals using MUSES will support
the NOAA FIREX flight campaign (NOAA CPO AC4 program)

➢ Assimilation within RAQMS (R. B. Pierce)

Extension to Joint CrIS/OMPS O3 Retrievals 

Monthly mean TES O3 @ 681 hPa  

16



Multispectral CO from CrIS and TROPOMI

5/13/2020
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MOPITT’s unique thermal IR/near IR multispectral 
CO measurements, which are able to separate 
near-surface from the free troposphere, have no 
planned follow-on.

Fu et al, AMT (2016): Combining CrIS data with 
the Sentinel 5p TROPOMI near IR data would 
provide comparable vertical sensitivity to MOPITT 
but with daily coverage. 

TROPOMI

CrIS

CrIS+TROPOMI

30S 5S

30S 5S

-TES algorithm

Synthetic retrievals, realistic conditions
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Summary

➢ Suomi-NPP and JPSS offer many exciting opportunities for advancing
understanding of tropospheric composition and chemistry

➢ Value of multiple species for constraints on chemical models

➢ Value of multiple wavelength regions for vertical sensitivity
➢ Joint AIRS/OMI and CrIS/OMPS retrieved O3 profiles can distinguish the abundances in the

upper troposphere from the lower troposphere.

➢ Opportunities for multi-satellite retrievals to extend EOS-era data records

➢ Observation operators and error estimates are key to the effective utilization of
the retrievals.
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Backup
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PAN from CrIS
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(a) (b)

(c) (d)

TES CrIS



TES methanol
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major source of carbon monoxide 
and formaldehyde, thereby leading 
to formation of tropospheric ozone 
and secondary organic aerosols 



Transect over Western USA

Joint AIRS/OMI and TES observations on August 23, 2006 
during TexAQS Aircraft Flight Campaign

Joint AIRS/OMI ozone retrievals

➢ Show best agreement to TES, in comparisons to each instrument alone
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9.6 micron band variability to the atmospheric state 
and facilitate evaluation of chemistry-climate models.

T e TES processing takes approximately 22 months. 
T is time is driven in part by the TES forward model 
[Clough et al., 2006], which was designed for accuracy 
rather than speed. Over the past decade, fast radiative 
transfer models (RTMs) have significantly advanced 
[e.g., Moncet et al., 2008]. We will evaluate the accura-
cy and speed of these fast RTMs adapted for TES and 
AIRS sensors. If sufficiently accurate, the TES team 
will adopt them to accelerate TES reprocessing and 
support A-Train research products (Section 5.3.1). 
T e new products and improvements discussed above 
will be included in the TES V8 software by summer 
2017.

5.3 Synergistic Applications within the A-Train

5.3.1 OMI/AIRS ozone
Under ROSES Aura ST funding, the TES team 

is developing a new A-Train ozone research product 
that combines AIRS thermal infrared (IR), OMI ul-
traviolet (UV), and MLS microwave (MW) radiances, 
following the approach pioneered for the TES/OMI 
ozone and TES/MLS CO products [Worden et al., 
2007b; Fu et al., 2013; Luo et al., 2013]. T is retrieval 
will have similar vertical resolution to the TES/MLS 
ozone described in Section 5.2.3. T e first step is fo-
cused on ozone retrievals using OMI/AIRS, which 
provide vertical resolution similar to TES alone. Pre-
liminary results are shown in Figure 14 for an August 
23, 2006 transect. T e TES retrieval algorithm was 
applied to collocated OMI and AIRS radiances and 
then to each sensor separately. T e mean difference 
between TES and AIRS is ~10% at 500 hPa but this 
difference is less than 3% for TES and OMI/AIRS. 
T e AIRS-only and OMI-only tropospheric DOFS 
are ~0.7. T e OMI/AIRS has ~1.2 DOFS, approxi-
mately the same as TES. Like TES, OMI/AIRS is 
most sensitive to ozone in the mid-troposphere; both 
lack the near-surface ozone sensitivity of TES/OMI.

We propose to process OMI/AIRS joint ozone re-
trievals along a nominal TES GS, which is separated 
by 1.6° along track and has a 16 day repeat period, to 
fill the gaps in the TES ozone record and provide a 
regional and global context to interpret biomass burn-
ing and megacity TES SOs (Section 5.1.3). OMI/
AIRS ozone retrievals will be processed from 2009 to 
the present and compared against ozonesondes and 
overlapping TES GS measurements for 2009-2010. 
T is evaluation will be completed by the summer of 
2017 and processing from 2010 to the present will be-
gin during the fall of 2017. Preliminary datasets will 
be made publicly available at the AVDC.

5.3.2 AIRS and TES Joint Products and Collaborations
As a part of the processing to estimate OMI/AIRS 

ozone, AIRS-only ozone is also retrieved along with 
ancillary products such as temperature, water and 
clouds. T e AIRS and TES teams propose to inter-
compare these with operational AIRS products and 
against independent measurements. T is will ensure 
that differences in algorithms are well-understood and 
facilitate adoption of common approaches where fea-
sible, e.g., incorporation of microwave retrievals for 
improved TES temperature retrievals or common op-
timal estimation approaches for cloud retrievals [Kahn 
et al., 2014].

5.3.3 OMI-MODIS Aerosol Collocation Product
To facilitate the combination of OMI with other 

A-Train sensor data, the OMI core team proposed pre-
viously to create datasets of collocated A-Train products 
such as from MODIS. As described in Section 3.2.6, 
a combined OMI/MODIS cloud parameter product 
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Figure 14: TES ozone (top-left); OMI/AIRS ozone (top-right); 
AIRS ozone (bottom-right) for a transect initiated near 7ºN and 
slicing through the California coast line at around 34ºN into 
Canada for Aug. 23, 2006, all using TES algorithm. Elevated 
ozone values are observed from 25°N–30°N in all 3 retrievals. 
OMI/AIRS retrievals have comparable vertical sensitivity to TES.

Joint AIRS/OMI O3

monthly mean @681 hPa
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CrIS Carbon Monoxide Maps for KORUS-AQ

CrIS retrievals using JPL MUSES algorithm
➢ Nine times higher spatial resolution vs. the CrIS operational data products
➢ Provides full observation operators (averaging kernels, uncertainty estimates, a priori profiles)
➢ CrIS alone will be used for extending the MOPITT TIR CO data, while combines TROPOMI

measurements to extend MOPITT TIR/NIR multi-spectral CO data.
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CrIS Ozone Maps for KORUS-AQ

CrIS retrievals using JPL MUSES algorithm
➢ Nine times higher spatial resolution vs. the CrIS operational data products
➢ Provides full observation operators (averaging kernels, uncertainty estimates, a priori profiles)
➢ Working on combining OMPS measurements, joint CrIS/OMPS could improve the spatial

coverage by a factor of three, in comparisons to joint AIRS/OMI.
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Joint AIRS/OMI O3 Retrievals

➢ Retrieved joint AIRS/OMI ozone
▪ Three-day averaged, May 18 to 20, 2016.
▪ Total ozone shows strong latitudinal dependence, dominated by stratospheric ozone.
▪ Tropospheric/upper tropospheric ozone enhancement over the ocean (Korean peninsula <->

Japan), could be the natural influences of stratosphere-troposphere exchange (STE) process.

Total O3
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Impacts of Joint AIRS/OMI O3 Profiles on Data Assimilation 

➢ Joint AIRS/OMI ozone profiles have been assimilated into CHASER system. 

➢ CHASER system assimilated the OMI (NO2), GOME-2 (NO2), MLS (HNO3 and O3), MOPITT (CO) for 
KORUS-AQ ,recently assimilated AIRS/OMI ozone profile data
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Combining CrIS, OMPS-NM and OMPS-NP



C2H2 [pptv]
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Available trace gas products from NASA/NOAA thermal-IR sounders*

Molecule AIRS v6 AIRS OE 
J. Warner et al

AIRS NUCAPS TES v7 CrIS NUCAPS CrIS
AER/NCAR+

O3 Y Y Y Y

O3 IRKs Y

CO Y Y Y Y Y +

CH4 Y Y Y Y

CO2 Y Y Y Y

N2O Y Y Y Y

HDO Y

HNO3 Y Y Y

OCS AIRS gap AIRS gap AIRS gap Y CrIS gap CrIS gap

NH3 Y Y +

CH3OH Y

HCOOH AIRS gap AIRS gap AIRS gap Y CrIS gap CrIS gap

PAN Y

SO2 flag Y Y

C2H2

C2H4

*Attempt to capture range of products avail – please excuse omissions/misunderstandings
+ Not yet publicly available, but will be in forseeable future


